The effect of D-cycloserine on the establishment of twist states in BaciUus subtilis macrofibers was examined. Macrofibers produced in the presence of the drug differed in twist compared with those produced in its absence. The degree of twist alteration was dependent on the concentration of D-cycloserine in the growth medium. Macrofibers of different twist states representative of the entire twist spectrum from tight left-handedness to tight right-handedness were produced in strains FJ7 and C6D in four different ways: by control of the concentration of D-alanine, magnesium sulfate, or ammonium sulfate in the growth medium or by control of the growth temperature. The structures so produced were used to determine the effect of D-cycloserine on twist establishment starting from different twist states throughout the twist spectrum. In all but one case, twist resulting from growth in the presence of D-cycloserine was further towards the left-hand end of the twist spectrum than that produced in its absence, the exception being the unusual left-handed twist states produced in strains C6D and the closely related RHX 11S at high D-alanine concentrations described here. Studies of the interaction between D-cycloserine and D-alanine both used alone and used independently with the other twist-modifying systems (temperature, magnesium sulfate, and ammonium sulfate) revealed that changes in twist resulting from D-cycloserine were always in the opposite direction from those resulting from D-alanine. This antagonism suggests that the biochemical mechanism of twist regulation involves the metabolism of peptidoglycan, particularly reactions involving D-alanine or the dipeptide D-alanyl-D-alanine. The possibility that peptidoglycan cross-linking is involved is discussed.
During the growth of Bacillus subtilis macrofibers, processes occur that result in the production of a particular twist state by all the fibers in the culture. This state represents one of many possible states, ranging from tight left-handedness to tight right-handedness, that can be achieved by a single macrofiber-producing strain. Biomechanical studies of macrofiber structure and growth dynamics previously showed that all of the cells growing in a single macrofiber assemble their cell surfaces according to the same geometrical plan (6, 8, 10) , and thus the production of a particular macrofiber twist state corresponds to the assembly of cell surfaces in a particular conformational state. The factors that govern the determination of macrofiber twist state must therefore be concerned at a molecular level with the regulation of cell wall assembly in individual cells.
The facts that very low levels of penicillin G block the production of macrofibers but not cell growth, that lysozyme digestion of live macrofibers leads to changes in twist state termed relaxation motions prior to breakdown of the fibers and liberation of spheroplasts, and that production of macrofibers in the presence of D-alanine results in different twist states from those grown in its absence all suggested that peptidoglycan is involved in the determination and maintenance of macrofiber twist states (5, 14, 18) . This contention is supported by results reported here indicating that Dcycloserine, a specific inhibitor of D-alanine metabolism and consequently of peptidoglycan synthesis, at concentrations below those resulting in arrest of growth, affects the development of macrofiber twist states (12) . Specifically, changes in macrofiber twist produced by D-cycloserine were always in the opposite direction from those produced by D-alanine. In all but one case, the direction of twist modification resulting from growth in D-cycloserine was towards the left-hand end of the twist spectrum.
In the course of studying the interactions between Dcycloserine and other systems of twist regulation, including D-alanine, new information was also obtained about the D-alanine system. In strain C6D, two helix hand inversions were found to arise as a result of increasing concentrations of D-alanine. Based on these observations, a convention has been adopted to describe the entire twist spectrum that satisfies all the information currently available on twist regulation in all strains. The interactions between different systems of twist modification reported here suggest that a single biochemical target concerned with peptidoglycan assembly may be involved in the establishment of twist states.
MATERIALS AND METHODS
Strains. The macrofiber-producing B. subtilis 168 strains used in this investigation are shown in Table 1 . Information given for each strain for the response patterns to D-alanine and D-cycloserine are discussed in the Results section.
Media and growth conditions. The complex medium TB consisted of (in grams per liter of water): Bacto tryptose (Difco Laboratories), 10; Bacto beef extract (Difco), 3; NaCl, 5. The medium was supplemented with uracil (20 ,ug/ml, final concentration) and thymine (20 ,ug/ml, final concentration). The medium referred to as T consisted of 10 g of Bacto tryptose (Difco) per liter of H20 (9). Standard protocols were followed for production of macrofibers (7) . Effects of twist-modulating compounds on the development of twist were assessed by comparison of the qualitative static twist of structures produced in six-well tissue culture plates. Each well contained 5 ml of growth medium plus a different volume of a highly concentrated stock of the compound being tested for twist-modulating activity. The range of concentrations present in each six-well plate generally spanned from that without effect on the development of twist to that resulting in growth inhibition or structure disorganization. Most cultures were incubated at 20°C for 18 h. Structures produced at 37°C were examined after 6 to 8 h of incubation, whereas those grown at 48°C were read after 4 h.
Determination of growth, twist, and macrofiber organization. The amount of growth and general macrofiber organization were determined by examination of each culture at low magnification with a stereoscopic microscope. Under conditions of total growth inhibition, the input structures used to seed the cultures could almost always be found, transferred to a microscope slide, and examined further at higher magnification. The relative static twist and helix hand were determined from live macrofibers by phase-contrast microscopy with several representative structures from each culture. Twist values representing the spectrum from maximum left-handedness to maximum right-handedness were assigned on a scale from -6 to 0 to +6 as described by Surana (U. C. Surana, Ph.D. dissertation, University of Arizona, Tucson, 1987) . These values represent qualitative estimates of static twist as follows: 0, disorganized structures with no twist; 6, structures of maximum tightness. The absolute value of static twist corresponding to 6 on the qualitative scale varies from strain to strain. In many strains 6 corresponds to values in the range of 40 to 60 turns/mm. Intermediate values correspond as follows: 1, very loose structures, generally less than 5 turns/mm; 2, loose structures, generally 5 to 10 turns/mm; 3, moderately tight structures, in the range of 10 to 15 turns/mm; 4 
RESULTS
Influence of D-cycloserine on establishment of macrofiber twist. The presence of D-cycloserine during the production of macrofibers of many different strains resulted in structures with different twist from those produced by the same strain in the absence of the drug (Table 1) . Two response patterns were found. In the majority of cases, structures that arose in the presence of D-cycloserine were further towards the left of the twist spectrum than those produced in its absence. In two cases the opposite was true. Strains C6D and RHX llS, when grown in the presence of high concentrations of D-alanine plus D-cycloserine, produced macrofibers further towards the right of the twist spectrum than those produced when only a high concentration of D-alanine was present. To understand this unusual response, it is necessary first to examine the way in which these strains respond to high concentrations of D-alanine, for unlike other strains studied previously, C6D and RHX 11S can produce left-handed structures under two very different conditions, as shown below. A summary of the D-alanine response patterns is included in Table 1 .
Influence of D-alanine on the establishment of twist in C6D macrofibers. In previous studies it was shown that a change in twist towards the right-hand end of the twist spectrum resulted from the addition of D-alanine to the growth medium and that the magnitude of the change was proportional to the concentration of D-alanine (14) . This relationship was known to hold for many macrofiber-producing strains, including C6D, a strain that grows as left-handed structures at 20°C in TB medium, in contrast to most strains, which produce right-handed structures under these conditions. When C6D macrofibers were cultured in higher concentrations of Dalanine than previously used, instead of the expected righthanded structures they were found to produce very tight left-handed macrofibers were produced. For purposes of discussion, the two left-handed forms will be distinguished by referring to those produced at below 2 mM D-alanine as left (L), whereas those produced at above 23 mM D-alanine will be designated upper-left (Lu).
In contrast to D-alanine, neither L-alanine ( Fig. 1 (Fig. 4) . The kinetics of response to D-cycloserine observed in strain A734 were very similar to those found with strain FJ7 grown in the presence of magnesium. A734 is a derivative of FJ7 that produces tight right-handed structures in the absence of magnesium. The twist state of FJ7 can be adjusted to that of A734 by addition of magnesium ions, as shown in Fig. 4 (in the absence of D-cycloserine). Such fibers appear to be equivalent to those of A734 in terms of the degree to which they change twist as a function of the concentration of D-cycloserine in the growth medium.
The leftward influence on twist production by D-cycloserine was also found when mutants restricted to either left-or right-handedness were examined. The two left-handed strains studied, PS5 and PS61xB, failed to show any twist modification in response to the drug (Fig. 5 ). Both righthanded strains were shifted towards the left when grown in D-cycloserine, but neither was able to achieve left-handedness prior to growth inhibition (Fig. 5) . twist and then eventually right-handedness. The direction taken around the circle could be either clockwise or counterclockwise. Of the two routes, the clockwise route has been adopted by convention. All other directions shown are based on interaction studies and this convention. Circular representation of the twist spectrum should not be interpreted as indicating that continuously increasing concentrations of twist modulators can drive changes of twist repeatedly around the circle without limit. It is meant rather to indicate only the direction of change from any given starting point on the spectrum brought about by increasing concentrations of a twist-modulating factor. There are of course limits to the degree of change possible with each twistmodulating factor.
The connecting arrows shown in Fig. 6 represent the conditions used for examination of interactions between two systems of twist modulation. The arrowheads lie on a circle corresponding to the modulator that was used to influence the twist of macrofibers initially produced by the system from which the connecting arrow originates. For example, C6D structures produced at 20°C were close to maximum left-handedness. When D-alanine was added, twist changed in the direction indicated by the D-alanine circle pointed to by the connecting arrowhead. Figure 6a indicates that all of the twist modulation effects observed, including the change from upper-left-handedness to right-handedness, produced by D-cycloserine (Fig. 3 ) followed a single pattern in which the influence of D-alanine and that of D-cycloserine were always in opposite directions.
The conventions and format adopted in Fig. 6a have been applied to the data obtained with strain FJ7, as shown in Fig.  6b . In this case, the magnesium and ammonium ion systems twist spectrum corresponding to upper-left-handedness (described earlier for strain C6D in the presence of high concentrations of D-alanine) has been added to the FJi spectrum because it was observed that right-handed structures produced by magnesium ions responded to D-alanine by reduction of twist and formation of left-handed structures. Hence, the missing portion of the D-alanine-controlled twist spectrum was found when magnesium ions were present. This new finding justifies the use of a circle representation of the FJ7 twist spectrum rather than the linear format used previously.
DISCUSSION
The results reported here concerning the influence of D-cycloserine, and here and elsewhere concerning the influence of D-alanine, on the establishment of twist states in B. subtilis macrofibers suggest that assembly of peptidoglycan during cell growth is a key element, if not the essential biochemical component, controlling the establishment of twist states. Although twist states were measured from macrofiber structures, there is much evidence from biomechanics studies that such states reflect directly the geometry of cell wall assembly in the individual cells that constitute macrofibers. The fact that a given strain can produce macrofibers of many different twist states ranging from tight left-to tight right-handedness indicates that the cell wall must be able to assume a corresponding spectrum of conformational states. It now seems likely that during the assembly of peptidoglycan into cell wall, reactions involving D-alanine or the dipeptide D-alanyl-D-alanine take place that influence the geometry of the cell surface in ways affecting the rate of helical turning per unit of length increase of the individual cells and eventually the twist state of macrofibers. This conclusion stems from the fact that both D-cycloserine and D-alanine influence the establishment of twist states.
The response to D-alanine, generally a rightward shift in twist proportional to concentration, is shown here to be dependent on strain and absolute concentration. C6D, a strain genetically distant from most macrofiber strains currently studied (those derived from FJ7 or based on the lyt-2 mutation from FJ7) clearly displays a D-alanine concentration optimum for production of maximum right-handedness, suggesting that the biochemical reaction(s) concerned with twist establishment is sensitive to the pool size of D-alanine or a product derived from D-alanine, such as the D-alanyl-D-alanine dipeptide. Other strains that do not undergo the second transition to left-handedness at high D-alanine concentrations (unless additional magnesium is present), such as FJ7, nevertheless grow with drastically altered structure at these concentrations, indicating again an influence on the biochemical reaction concerned with twist establishment. D-Alanine has been found in four different macromolecules that are components of the cell surface: peptidoglycan, teichoic acid, lipoteichoic acid, and two membrane proteins of unknown function (3, 11, 12) . The regulation of macrofiber twist states by D-cycloserine reported here suggests that the metabolism of D-alanine concerned with peptidoglycan synthesis is most likely to be the means by which D-alanine influences twist establishment. The relevant biochemical pathways in which D-alanine can participate are conversion to L-alanine, conversion to D-glutamic acid, and ligation to produce the dipeptide D-alanyl-D-alanine, all resulting in products that become directly incorporated into peptidoglycan. The enzymes catalyzing the first and third of these reactions, a racemase and ligase, are the targets of D-cycloserine. Thus, blocking the production of L-alanine or the dipeptide from D-alanine affects the establishment of twist states. It seems likely that blocking formation of the dipeptide is the significant factor for the following reasons: addition of either L-alanine or D-glutamic acid to macrofiber cultures did not affect twist states, and a macrofiber strain, 2C8, that is genetically defective in the racemase and thus requires D-alanine for growth responded to D-alanine by appropriate changes in twist. Thus, the size of the D-alanine or D-alanyl-D-alanine dipeptide pool(s) appears to be involved in regulation of cell wall geometry during growth. (12) . DAmino acids were previously shown to inhibit cell growth by interference with peptidoglycan synthesis (16) . The targets were later shown by in vitro studies to be carboxypeptidases required for eventual cross-linking (17) . In related work, Tuomanen and Tomasz reported that subinhibitory concentrations of D-amino acids, including D-alanine, protected E. coli against lysis and cell growth inhibition by a variety of P-lactam antibiotics (17) . They suggested that the D-amino acids might exert their effect by binding to penicillin-binding proteins and thus preventing access of the antibiotics to their targets. The concentration range in which they obtained protection was precisely that corresponding to right-handedness in macrofibers shown in Fig. 1 . Although this may be purely fortuitous, the possibility exists that a common mechanism is involved, particularly in light of preliminary observations indicating that right-handed macrofibers are more resistant to growth inhibition by a number of antibiotics than are left-handed ones of the same strain. These observations, currently being further documented, will be reported in detail elsewhere.
All of the results described here and elsewhere concerning establishment of macrofiber twist states are compatible with a model in which twist states correspond to conformational states of the cell wall polymers determined by insertion of new polymer into the wall during growth. Peptidoglycan cross-linking reactions could be of central importance. Under optimum conditions, a wall conformational state corresponding to maximum right-handedness would be assembled. Deviations from the optimum in one direction would lead in most strains to the entire twist spectrum ranging to tight left-handedness, whereas the ramifications of deviations from the optimum in the other direction would depend on genetic and other factors. In some strains such as C6D, again the entire twist spectrum would be achieved. In others, highly coiled structures similar to those described by Tilby (15) would arise. Once twist states were established, other factors such as charge interactions in the wall could contribute to their maintenance. The production of macrofiber twist states would trace directly to the conformational states of the individual cell surfaces by deformation mechanisms described previously (6) . In this way molecular events in the cell wall would be amplified to macroscopic dimensions in macrofibers.
